Cell replication is a fundamental attribute of growth and repair in multicellular organisms. Pancreatic betacells in adults rarely enter cell cycle, hindering the capacity for regeneration in diabetes. Efforts to drive beta-cells into cell cycle have so far largely focused on regulatory molecules such as cyclins and cyclindependent kinases (CDKs). Investigations in cancer biology have uncovered that adaptive changes in metabolism, the mitochondrial network, and cellular Ca 2C are critical for permitting cells to progress through the cell cycle. Here, we investigated these parameters in the replication-competent beta-cell line INS 832/13. Cell cycle synchronization of this line permitted evaluation of cell metabolism, mitochondrial network, and cellular Ca 2C compartmentalization at key cell cycle stages. The mitochondrial network is interconnected and filamentous at G1/S but fragments during the S and G2/M phases, presumably to permit sorting to daughter cells. Pyruvate anaplerosis peaks at G1/S, consistent with generation of biomass for daughter cells, whereas mitochondrial Ca 2C and respiration increase during S and G2/M, consistent with increased energy requirements for DNA and lipid synthesis. This synchronization approach may be of value to investigators performing live cell imaging of Ca 2C or mitochondrial dynamics commonly undertaken in INS cell lines because without synchrony widely disparate data from cell to cell would be expected depending on position within cell cycle. Our findings also offer insight into why replicating beta-cells are relatively nonfunctional secreting insulin in response to glucose. They also provide guidance on metabolic requirements of beta-cells for the transition through the cell cycle that may complement the efforts currently restricted to manipulating cell cycle to drive beta-cells through cell cycle.
Introduction
Glucose homeostasis in humans is regulated in large part by glucose dependent insulin secretion from pancreatic beta-cells. Insufficient beta-cell number and beta-cell dysfunction underlie both type 1 and 2 diabetes. [1] [2] [3] [4] While diabetes maybe reversed by beta-cell replacement accomplished by pancreas transplantation, this strategy is impractical for most patients due to a shortage of donors and the requirement for immunosuppression.
Alternatively, there has been interest in fostering endogenous beta-cell regeneration to reverse diabetes. Beta-cell mass increases in infancy through replication but, as beta-cells become more functionally active, their capacity to replicate diminishes, particularly in humans. 5 Therefore, there is interest in the regulation of beta-cell cycle with a view to restore betacell replication as a means to promote beta-cell regeneration in diabetes. Seminal works and extensive reviews on beta-cell proliferation suggest that the likely missing link in efforts to promote human beta-cell replication is not the failure to express key cell cycle molecules but the failure to activate them. [6] [7] [8] [9] [10] Most of the studies focused on understanding the requirements for quiescent adult beta-cells to pass the G0/G1 checkpoint and enter the cell cycle, 6 have investigated regulatory pathways, such as those dependent on growth factors and cyclin-dependent kinases and their associated cyclins. 6, [11] [12] [13] However, recent works unveiled the importance of pathways regulating the distal cell cycle checkpoints such as the mitotic checkpoint for the survival and proliferation.
14 There is also increasing evidence for the integration of cell cycle and metabolism, recently further illustrated by the requirement of regulators of the cell mitotic checkpoint as insulin signaling effectors in hepatic metabolism. 15 Moreover, findings available from other mammalian cell types, as well as yeast, have emphasized that successful transition through the cell cycle requires the integration of phases of cell cycle with adaptive changes in both metabolism and the mitochondrial network. [16] [17] [18] Glucose mediated insulin secretion requires tight linkage between glucose metabolism and mitochondrial oxidative metabolism, with insulin secretion finally driven by transients in cytoplasmic Ca 2C . 19 These properties of beta-cells are well established in adult humans in which the majority of beta-cells are locked in the G 0 phase. 20 We hypothesized that, in contrast to the tight constraints on metabolism, mitochondrial function and Ca 2C transients characteristic of beta-cells in G 0, cycling beta-cells would exhibit flexibility and adaptability in these same parameters so that they can successfully negotiate cell cycle checkpoints. To test this hypothesis, we employed a wellcharacterized rat insulinoma cell line (INS 832/13) that is, by definition, replication competent.
In contrast to most prior investigations employing beta-cell lines, we first synchronized the INS 832/13 cells so that the adaptive changes in cell metabolism, mitochondrial network and Ca 2C compartmentalization could be evaluated in relation to the stage of the cell cycle. We established that, in contrast to quiescent beta-cells, replicating INS 832/13 cells do indeed exhibit flexibility and periodicity in metabolism, mitochondrial network structure and Ca
2C
. The present studies underscore the importance of taking into account the major changes in metabolism, mitochondrial network and cellular compartmental Ca 2C transients that occur in cell cycle, these parameters being of particular interest in the context of beta-cell biology. Cell lines such as the INS 823/13 cells are frequently used in studies of beta-cell biology, particularly when the techniques require maintaining a monolayer in culture and as such are often used in studies of mitochondrial network and function and cellular Ca 2C transients. Likewise, such cell models have been used to investigate regulation of beta-cell cycle because, unlike primary beta-cells, the cell lines are replication competent. Here, we provide insights into the potential utility of synchronizing beta-cell lines in cell cycle when investigators focus on metabolism, Ca 2C transients and mitochondrial network form and function. Our study alike to the work arising from cancer biology stresses that the interconnectivity and cross-dependence of cell metabolism and cell cycle also extend to beta-cells, and offer further insights as to why replicating beta-cells such as in infancy have limited betacell function given the need to coopt metabolism for cell cycle.
Results

Synchronization of INS 832/13 cells at different stages of the cell cycle
Rodent insulinoma cell lines, including INS 832/13, have been used to examine beta-cell replication thanks to their ability to transit through the cell cycle, thus providing possible targets to stimulate proliferation in adult human beta-cells. 21 Several studies conducted in yeast and mammalian cells have shown that the cell cycle is synchronized with cellular metabolism. This is to be expected if different stages of the cycle have the specific metabolic requirements needed for the assembly of cellular building blocks into newly formed cells. 17, 22, 23 In most previous studies utilizing insulinoma-derived beta-cell lines to investigate metabolism, mitochondrial morphology, cell function and cellular Ca 2C transients, the cells were unsynchronized. [24] [25] [26] [27] [28] Because the cells were asynchronous, the averaging of parameters during different stages of the cell cycle most likely concealed transiently induced changes at specific, critical points of the cycle. To overcome this we synchronized INS 832/13 cells at the G1/S, S and G2/M stages of the cell cycle using a synchronization protocol previously used in HeLa cells 23 as depicted in Figure 1A and described in detail in the Materials and Methods.
To validate the synchronization protocol in this clonal betacell model, we assessed the enrichment of cells in various phases of the cycle through the pattern of known cell cycle regulators by western blot and DNA content by flow cytometry. Representative profiles of DNA content in cells collected at 0, 4 and 12 h post aphidicolin block are presented in Figure 1B and quantified in Figure 1C . Flow cytometry analysis demonstrated that the majority of INS 832/13 cells collected at the 0 h time point were at the G1/S transition, as confirmed by the formation of the early-S phase arm (subG1:0%, G1:58%, S:27%, G2/ M:15%; Fig. 1B and C). More than half of all cells that were released from aphidicolin block reached the S phase by 4 h post release (63%), and almost half of the cells entered mitosis in a synchronized fashion by 12 h post release (43%; Fig. 1B and C) . We concluded from these data that the cell populations collected at 0, 4 and 12 h post aphidicolin block were enriched with cells in the G1/S, S and G2/M stages of the cell cycle, respectively.
To substantiate the flow cytometry analysis, immunoblotting was used in parallel to measure levels of known molecular markers of the cell cycle. As expected, cyclin A2, a regulator of progression through the cell cycle, 29, 30 was increased in the S and G2/M phases of the cell cycle ( Fig. 2A,B) . Levels of cyclin B1, which is present during the G2/M phase of cell cycle, 31 were also most prominent during the G2/M phase of the INS 823/13 cell cycle (p < 0.005 G2/M vs. G1/S; Fig. 2A and C) . In contrast, cyclin E, a marker of the G1/S transition, 16 was increased at G1/S (p < 0.01) and S (p < 0.05) compared to G2/ M ( Fig. 2A and D) . The synchronizing conditions that were used did not induce toxicity, as only a very small (»1%) subG1 cell population (cells having fragmented DNA indicative of apoptosis) was observed. As expected, all three cyclins were detected in an asynchronous cell population that was studied over a period that was comparable to the synchronized cells (Fig. S1) .
Having established an effective model of beta-cell synchronization using the INS 832/13 cell line, we next sought to investigate whether changes in beta-cell circadian clock genes, mitochondrial morphology and cell metabolism occurred during the G1/S, S and G2/M stages of the cell cycle.
Transcriptional expression of the circadian clock genes during the cell cycle
There is an increasing focus on the importance of the role of clock genes in regulating cell cycle and in beta-cell function. [32] [33] [34] We have evaluated Per1 and Per2 gene expression through the cell cycle ( Fig. 3A and B) . Interestingly, Per2 mRNA 
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expression levels decreased at the G2/M checkpoint compared to S (p < 0.005) and G1/S phases (p < 0.05; Fig. 3B ). Increased Per2 expression has been reported to arrest human leukemia cells at the G2/M checkpoint of cell cycle where they were sensitized to cell death 35 in line with a reported role of Per2 in ATM/ATR associated activation of the G2/M checkpoint in response to damage. 36 In the beta-cell model we observed a reduction of Per2 mRNA at the G2/M phase of cell cycle which may suggest a reduction in the circadian-clock-sensitive Wee1 kinase activity thus permitting G2/M transition. Previous studies reported that Per2 loss of function mutations increased the rate of cell proliferation. 37, 38 Reports indicate that Per2 protects Clock/Bmal1 from cryptochrome (CRY) inhibition 39 and consequently increased levels of Clock/Bmal1 arrest mitosis progression through enhanced kinase Wee1 activity. 38 The cell cycle-related changes in the expression of the clock gene Per2 mRNA confirmed coupling between cell cycle and circadian clock cycle.
Mitochondrial morphology and function during the cell cycle
Mitochondria are critical for beta-cell function, integrating the metabolic signals arising from the catabolism of extracellular glucose and transducing these to increased insulin secretion via generation of ATP through oxidative phosphorylation. Mitochondria adapt both functionally and morphologically to the cellular and sub-cellular energetic demands, and exhibit an architecture that ranges from being highly tubular and interconnected, as well as widely distributed throughout the cell, to a more fragmented perinuclear form that is known to be associated with conditions of cell stress. 40, 41 Consistent with this, the mitochondrial network has been reported as being in a hyperfused state at the G1/S phase of the cell cycle in rat kidney cells and HeLa cells. 16, 42 In order to test whether the mitochondrial network comparably adapts in beta-cells, we imaged mitochondria in synchronized INS 832/13 cells using Mitotracker Red. Cells were categorized based on the appearance of the mitochondrial network (Fig. 4A) . At G1/S, almost 80% of the cells had highly tubular mitochondria that became fragmented in the other phases of the cell cycle: 30% of cells in S phase and 60% of cells in G2/M had fragmented mitochondria, respectively (Fig. 4B ). Asynchronous cells, in contrast, had a variety of mitochondrial forms present (Fig. S2) . The shape and form of the mitochondrial network depends on the balance between fusion and fission, processes that are regulated by the dynamin-like GTPases, optic atrophy 1 (Opa1) and dynamin related protein 1 (Drp1). We quantified the expression of these proteins during the cell cycle by Western blot. There was no evidence of altered mitochondrial fusion mediated by Opa1 during the cell cycle as the ratio between long (or active) and short (or inactive) forms of Opa1 did not appear to change (data not shown). However, the fragmentation of the mitochondrial network at the S and G2/M phases of the cell cycle was coincident with the activation of Drp1 by phosphorylation at Ser616 (Fig. 4C ). The latter increased in the S (p < 0.005 S vs G1/S) and G2/M (p < 0.005 G2/M vs G1/S) stages of the cell cycle ( Fig. 4D ) compared to the G1/S.
The activation of Drp1 by phosphorylation at Ser616 depends on the activity of cyclin dependent kinase 1 (Cdk1). The latter in turn requires the regulatory subunit cyclin B1. Cyclin B1 expression during the cell cycle was coincident with increased Drp1 phosphorylation during the S and G2/M phases of the cycle. This is consistent with a previously reported role of cyclin B1 in promoting mitochondrial fragmentation through Drp1 activation in neurons. 16, 42 These results thus suggest that the cell cycle dependent modification and activation of Drp1 result in mitochondrial fission during DNA synthesis and mitosis.
We next asked if the changes in mitochondrial network that we observed during the INS 832/13 cell cycle influence mitochondrial function, potentially facilitating the adaptation of cell metabolism to the requirements of DNA synthesis and mitosis. Mitochondrial membrane potential was relatively unvarying during the progression through different phases of the cell cycle (data not shown), implying that changes in mitochondrial morphology during the cell cycle are an adaptive phenomenon as opposed to a stress response. In contrast to the stable mitochondrial membrane potential we observed, the oxygen consumption rate (OCR) varied through the stages of the cell cycle (Fig. 5A ). The basal OCR was higher during the S (p < 0.005) and G2/M (p < 0.005) phases in comparison to the G1/S ( Fig. 5A and B). A similar pattern was detected in the OCR associated with increased ATP generation (Fig. 5C ). The basal OCR, the OCR associated with the ATP generation and the ECAR of asynchronous cells were 714 § 55 pmol O 2 /mg protein/min, 271 § 55 pmol O 2 / mg protein/min and 17 § 1 mpH/min, respectively. The data are in concordance with previous studies demonstrating that maximal mitochondrial activity occurs during peak DNA synthesis in the S phase. 43 Taken together, these findings uncover adaptive changes in the beta-cell mitochondrial network architecture as well as function upon transitioning through the cell cycle, not previously appreciated in cell models utilizing asynchronous beta-cell lines. The fragmentation of the mitochondrial network we observed towards the end of the cell cycle is consistent with the need to separate and sort mitochondria into two daughter cells. The marked increase in OCR in the S and G2/M phases of the cell cycle is consistent with the requirement to synthesize new metabolic intermediates. Given these marked changes in the mitochondrial network and function during the cell cycle, and the known critical role of Ca 2C in beta-cell metabolism, we next evaluated whether the Ca 2C levels of three key subcellular compartments (endoplasmic reticulum, mitochondria and cytoplasm) alter during cell cycle.
Changes in subcellular Ca
2C distribution during cell cycle
Key steps in the cell cycle are regulated by the interplay of Ca 2C and Ca 2C binding proteins. 44 In rat fibroblasts, the levels of Ca 2C in different cell cycle phases vary cyclically. 45 Storeoperated Ca 2C entry (SOCE), mediated by the interaction (616) and total DRP1 protein levels. Data are presented as mean § SEM, n D 6 (triplicate from two independent experiments),
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between STIM1 (an endoplasmic reticulum Ca 2C sensor) and Orai1 (a cell membrane pore structure), controls the specific checkpoints of cell cycle, 46 indicating that stable Ca 2C shifts can regulate cell cycle progression. The fluctuating SOCE activity during cell cycle progression is universal in different cell types, in which SOCE is upregulated in G1/S transition compared to S to G2/M transition. Moreover, Ca 2C transients can also influence cell cycle-specific gene expression. 47 We used the fluorescent indicator Fura 2 and Ca 2C sensing probes specifically confined to the ER and mitochondrial matrix to evaluate changes in Ca 2C concentration in different compartments in INS 832/13 cells progressing in a synchronized fashion throughout cell cycle. Adenoviral transduction of Ca 2C probes didn't alter the cell synchrony (Fig S3) . The relative Ca 2C levels of the ER were stable during the transition from the G1/S to the G2/M phases of the cell cycle, as monitored by the FRET ratio of an adenoviral ER-targeted probe, D4ER (Fig. 6A) . 48 The levels of cytosolic Ca 2C were highest at G1/S compared to S and G2/M (p < 0.05; Fig. 6B ). In contrast, mitochondrial Ca 2C was lowest at G1/S (p < 0.005 vs. S and G2/M; Fig. 6C ). This rise in cytosolic Ca 2C at G1/S, apparently through decreased mitochondrial Ca 2C uptake, is consistent with the requirement for Ca 2C to initiate centrosome duplication at early G1/S. 49 The rise in mitochondrial Ca 2C during the cell cycle progression in the S and G2/M phases coincided with the increased mitochondrial respiration, presumably by activation of Ca
2C
-dependent dehydrogenases of the tricarboxylic acid (TCA) cycle. The levels of Ca 2C we observed in ER, mitochondria and cytosol in asynchronous INS 823/13 cells were 1.6 § 0.04 FRET ratio between 535 nm and 470 nm, 1.1 § 0.02 ratio between 480 nm and 410 nm and 0.9 § 0.02 ratio between 340 nm and 380 nm.
Fluctuations in metabolism during cell cycle
In yeast, the concentrations of critical metabolites exhibit periodic fluctuations during cell cycle, implying that metabolic periodicity may be important for cell cycle progression. 18 To assess whether changes in the intracellular metabolites occur in INS 832/13 cells during cell cycle we monitored levels of »150 different metabolites in synchronized cells using a mass spectrometry-based approach. Glucose is the major source of energy for beta-cells and regulates insulin secretion. In order to understand the qualitative changes in glucose utilization during the cell cycle, we analyzed the mass isotopologue distribution (MID) of the principal TCA intermediates of INS 823/13 cells using [U- 13 C 6 ]-labeled glucose as a tracer. Culture media with [U- 13 C 6 ]-labeled glucose did not alter the synchronization profile of INS 832/13 as shown in Figure S4 .
The schematic for the utilization of the glucose tracer by the TCA cycle is depicted in Supplementary Figure S5 . In brief, glucose-derived pyruvate (Pyr) has three labeled carbons but loses one C-13 carbon in the conversion to acetyl-CoA, in a reaction catalyzed by pyruvate dehydrogenase (PDH). Then, PDHderived citrate has two labeled carbons, as do most of the other TCA intermediates, that remain after the end of the first round of the TCA cycle (Fig. S5A) . In the next round, citrate now has four labeled carbons and the other downstream intermediates exhibit three or four labeled carbons, depending on the loss of CO 2 with a labeled or unlabeled carbon (Fig. S5B) . However, Pyr is also converted to oxaloacetate in a reaction catalyzed by pyruvate carboxylase (PC). At this point, malate-and fumarate-derived from oxaloacetate have three labeled and one unlabeled carbon (Fig. S5C) . First, we confirmed that the labeling of glucose metabolized by the cells was efficient, affirmed by the near 100% abundance of its intracellular M6 isotopologue (Fig. 7A ) and, as a consequence, glycolytic metabolites were also labeled close to 100%. Next, we analyzed the labeling pattern of glucose-derived metabolites (M0 -no labeled carbons, M1-M5 -one to five labeled carbons). The M2 fraction of succinate (Suc), fumarate (Fum), malate (Mal) and aspartate (Asp) derived from the conversion of Pyr to acetylCoA after the first round of the TCA cycle was increased at G1/S transition (Fig. 7B ). M3 and M4 fractions of Fum, Mal, Asp were also higher at G1/S compared to the other phases of the cell cycle ( Fig. 6C and D) . Also in G1/S, the levels of M3 Mal, Asp and Fum were much higher than M3 Suc (Fig. 7C) , indicating that the M3 fractions of these molecules are derived from the conversion of Pyr to oxaloacetate rather than being produced through the multiple oxidation rounds in the TCA cycle, implying an increased pyruvate anaplerosis. In addition, the presence of M5 citrate (Cit) suggests that oxaloacetate was used at the maximum in consecutive rounds of the TCA cycle during the G1/S stage of the cell cycle (Fig. 7E) .
Prominent pyruvate anaplerosis at the G1/S stage of the cell cycle would permit an expansion of biomass likely to satisfy the known requirement of cells to reach a sufficient size in order to successfully pass the G1/S checkpoint before DNA replication and mitosis occur. 50 The de novo nucleotide synthesis of a new complement of DNA via the pentose phosphate pathway 18 was higher at the S phase, as shown by the enrichment of the M5 isotopologue of purines and pyrimidines nucleosides and nucleotides in this phase ( Fig. 7F and  G) . This glycolysis-dependent synthetic pathway was supported by a high rate of oxygen consumption that is required for the ATP formation needed to sustain nucleotide synthesis ( Fig. 5A and B) . 51 Intracellular lactate levels increased at S and reached a peak at the G2/M phase of the cell cycle (Fig. 7I) . However, only a small fraction of the lactate produced was generated from the glucose tracer (Fig. 7H) , as shown by the high levels of the M0 fraction. This indicates that lactate did not originate from the extracellular glucose. Instead, lactate might have been generated from pyruvate that was derived from the malate shuttle. 52 and, as such it reflected TCA activity rather than glycolysis. The increased extracellular acidification rate (ECAR) we observed in the S phase implies that protons and lactate were transported out of the cell during this phase of the cell cycle (Fig. 5D) .
We observed increased levels of palmitate and choline as well, suggesting augmented fatty acid metabolism in the S and G2/M phases of the cell cycle. This increase in lipid metabolism would most likely be indicative of the formation of new phospholipid membranes that would need to be distributed to the two daughter cells. 53 ( Fig. 7I) In spite of the increase in mitochondrial respiration associated with ATP generation (Seahorse; Fig. 5B ), the relative ATP levels we observed were lower during the S phase (Fig. 7I ), in agreement with previous reports of enhanced ATP hydrolysis occurring during DNA replication. 54 Maintaining a low level of ATP is essential for the unconstrained glycolysis required for DNA synthesis during the S phase, 55, 56 because high ATP allosterically inhibits the rate-limiting glycolytic enzyme phosphofructokinase 1 (PFK1). 56 The increased abundance of oxidized glutathione (GSSG) and a-ketoglutarate (a-KG) in the S and, mainly, the G2/M phases would suggest an increase in oxidative respiration and presumably glutamine anaplerosis of the cell cycle as previously reported in other cell types (Fig. 7I) . 22 In summary, the activities of different metabolic pathways during the INS 832/13 cell cycle were found to be complementary to the requirements of sufficient biomass to pass the G1/S 
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checkpoint, and energy to support DNA and membrane lipid synthesis in S and G2/M. The metabolic changes observed in beta-cells during the cell cycle are listed in Table 1 and Fig. 8 .
Discussion
The hypothesis that synchronization of the INS 832/13 beta-cell line in cell cycle would uncover periodicity in metabolism, 
mitochondrial network and Ca
2C compartmentalization as cells transition through cell cycle was affirmed.
We selected INS 832/13 cells for this study as studies of cell cycle in primary beta-cells are challenging. Aside of the issues of isolating a purified beta-cell preparation, cell replication is infrequent in beta-cells and stability of primary beta-cells in the period of culture required for these studies is also a challenge. Thus, while use of the INS 832/13 cell line rather than primary beta-cells is a limitation of the present studies, fortunately unbiased comparison of metabolic profiles of INS 832/ 13 cells and primary rat islets indicated that the profiles were quite similar. 57, 58 These studies suggest that while not perfect, INS 832/13 lines can serve as reasonable model for studies of biochemical features of primary pancreatic beta-cells. The current approaches to induce beta-cell proliferation as a potential therapeutic strategy for diabetes are hampered by the refractoriness of adult beta-cells to replicate, especially in humans. Many previous studies engaged in overcoming this hurdle focused on known regulators of the cell cycle and their effectors. 59 Other studies have delineated the human beta-cell G1/S subproteome. 6, 60 Collectively, these studies affirm that the notoriously replication-deficient phenotype of beta-cells is due either to replication-dependent proteins residing in a non-complementary compartment (i.e. the cytoplasm) and/or the presence of a pro-senescent repertoire of cell cycle inhibitors such as p16 and p27. 5 It has long been established in the cancer biology field that proliferating cells have increased energy requirements as they must grow and divide, and that there are specific alterations in the patterns of metabolic provision of energy fuel during cell cycle. 22, 23 Cell cycle checkpoints not only ensure the genomic integrity of DNA in cells that proceed through the cell cycle, but they also interact with the metabolic pathways of the cell to provide the energy needed for the cell cycle. 22, 23, 61, 62 Recently it has been established that the cell cycle checkpoints rely on the metabolic inputs of the energy fuel at the same time being highly synchronized with the circadian rhythm given that the major DNA damage sensors and transmitters such as Chk1 and ATM/ATR are under circadian clock transcriptional regulation. 36, 63, 64 The cell cycle-related changes in the expression of the clock gene Per2 mRNA confirmed coupling between betacell cycle and circadian clock cycle. Per2 mRNA expression levels decreased at the G2/M checkpoint. This is logical since Per2 constrains progression through G2/M checkpoint via ATM/ ATR activation. 36 Furthermore, a reduction in Per2 also facilitates progression in Wee1 kinase dependent manner. 64 Since mitochondria play a central role in cellular bioenergetics, 16 we examined the mitochondrial network throughout the cell cycle. Beta-cell mitochondria attained a predominantly fused state at the synchronized transition from the G1/S to the S phase and subsequent fragmentation at the G2/M phase of the beta-cell cycle. Mitochondrial fusion at G1/S coincided Figure 8 . Cellular metabolism in replicating INS 832/13. Schematic of the metabolic changes in INS 832/13 cells synchronized at G1/S, S and G2/M. At G1/S fused-to-intermediate mitochondria dominate and coincide with a peak in the pyruvate anaplerosis; this is alternated in the S phase by a higher involvement of pyruvate dehydrogenase branch of the TCA cycle and more prominent diversion of glucose into the pentose phosphate pathway while at G2/M more fatty acids are synthesized important for securing membrane formation in mitosis and there is another rise in Ca 2C necessary for mitosis. Mitochondria are more fragmented in the S phase and at G2/M phase of the cell cycle to secure mitochondrial inheritance during division.
with a peak in pyruvate anaplerosis, in line with the checkpoint requirements for entry into the S phase and providing energy/currency metabolites (ADP, NADH), repair of damaged mitochondria, complementing mitochondrial DNA, and more importantly preceding maximized ATP production. 16, 65 Pyruvate anaplerosis is proportional to the conversion of TCA intermediates into the cellular biomass, so that the peak at the G1/S stage of cell cycle is likely synchronized with the requirement of cells to reach a sufficient size and pass the G1/S checkpoint. 50 Anaplerosis via pyruvate carboxylase also enables pyruvate cycling, which is required for optimal glucosemediated insulin secretion by beta-cells, a response that is mediated by ATP generation. 66 Therefore pyruvate anaplerosis and mitochondrial fusion at G1/S likely act synergistically to maximize ATP generation prior to the high energy requiring S phase. Interestingly, cytosolic [Ca 2C ] c was also elevated at the G1/S transition, consistent with the activation of a number of processes 67, 68 that increase ATP consumption. 69, 70 This was then matched by an increase in the mitochondrial [Ca 2C ] m and with this a Ca 2C -dependent potentiation of mitochondrial metabolism at G2/M. 71 Given that mitochondrial fusion has been demonstrated to contribute to hyperpolarization of the mitochondrial membrane, 16 we inquired whether this applies to INS 832/ 13 cells at G1/S. To our surprise, in contrast to the studies with other cell types, we found that the mitochondrial membrane potential remained constant during all phases of the cell cycle. 16, 72 Mitochondrial membrane potential is strictly regulated as it is required for the generation of ATP, iron-sulfur cluster biogenesis, import of proteins from cytoplasm and other important functions. 73, 74 The difference observed in INS 832/13 cells could be inferred by the secretory nature and specific function of beta-cells, where instability of the membrane potential could have adverse effects on beta-cell function. In this sense, the increased mitochondrial activity demonstrated by the higher oxygen consumption rate during the synthesis and division processes in the S and G2/M stages could suggest that more ATP is needed for partitioning beta-cell secretion and betacell replication. During the S and G2/M phases of the cell cycle, a high oxygen consumption was complemented by a high flux through glycolysis to support synthesis of a new complement of DNA via the pentose phosphate pathway 18 and to generate new lipids required for two daughter cells. Despite the high flux through oxidative phosphorylation during S phase, ATP levels were lowest suggesting a high ATP consumption that physiologically occurs during DNA replication. 54 The high mitochondrial activity observed at the S and G2/M stages despite low glucose anaplerosis, suggest utilization of another substrate in the TCA cycle. Colombo et al. (2011) have shown the importance of glutaminolysis in cell progression through S phase of the cell cycle, pointing out that glutamine is critical for providing substrates to the TCA cycle. In our system, the increased levels of a-KG, an intermediate of the glutaminolysis pathway, at S and G2/M would suggest an increased utilization of glutamine by TCA. 75 In contrast to other replicating cells, in which glycolysis was shown to be associated with lactate production, 75 our MID analysis reveals that only a small fraction of lactate in INS 832/13 cells was derived from the oxidation of glucose with the majority being associated with other cellular processes, such as the malate-pyruvate shuttle. Taken together, by synchronizing INS 832/13 cells, we have been able to reveal the bioenergetic requirements for the unconstrained progression of beta-cells through the cell cycle. Studies of the functional maturation of beta-cells during development identified a shift of the energy metabolism from a predominantly glycolytic to oxidative phosphorylation, 75 revealing the requirement of the metabolic remodeling for the transition from replication propensity to acquisition of functional maturity for glucose-mediated insulin secretion. By implication, it is likely that reversal of these metabolic changes is required to restore the potential for beta-cell replication. Efforts to date to induce replication of adult human beta-cells have focused on the mediators of cell cycle, where as our data imply that such efforts may require simultaneous remodeling of metabolism and synchronization of the cell cycle with the circadian clock. DNA repair programs that sustain cell viability in G0 and G1, may well depend on the permissive or restrictive role of the circadian clock genes so that the cells that traverse the cell cycle in presence of common beta-cell stressors could be sensitized to cell death if any of these complex cell cycle interactions fail due to the injury.
The clinical implications of this are that if beta-cell toxicity occurs under conditions of relatively high beta-cell replication (for example type 1 diabetes in young children), the rate of beta-cell loss will likely be accelerated compared to in adults when beta-cell replication is rare. A related point is that driving quiescent beta-cells into cell cycle under conditions of beta-cell stress (type 1 or 2 diabetes) is likely to result in a decrease rather than increase in numbers of beta-cells.
In conclusion, we have demonstrated that a high level of metabolic-mitochondrial organization during the synchronized beta-cell cycle, supported by Ca 2C transients and adaptive changes in mitochondrial morphology and function. Since beta-cell lines are often used in studies of live cell imaging of Ca 2C and mitochondrial dynamics and as well as studies of beta-cell metabolism, the present studies may be of guidance to future investigators that might wish to synchronize the cells in cell cycle. The latter would reduce the high degree of variance in these parameters between cells when asynchronous in cell cycle. This work highlights the utility of synchronizing cells in the cell cycle when investigating the complex interplay of transition in metabolism, mitochondrial network architecture and function and compartmental Ca 2C transients that are likely required to permit successful cell replication. While INS 832/13 do not represent a perfect model for primary beta-cells, 21 the findings represent a first step towards understanding the integration of cell cycle and metabolism in beta-cells.
Experimental procedures
Cell culture
The rat insulinoma cell line INS 832/13 was kindly provided by Dr. C. Newgard (Duke University, Durham, NC, USA). INS 832/13 cells were maintained in RPMI 1640 medium (11.1 mM glucose) supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 100 IU/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, Carlsbad, CA, USA), 10% heat-inactivated fetal bovine serum (Gemini, West Sacramento, CA, USA), and 50 mM b-mercaptoethanol (Sigma, St. Louis, MO, USA) at 37 C in a humidified 5% CO 2 atmosphere.
Cell cycle synchronization
Synchronization of cells was carried out according to the scheme presented in Fig. 1A . Cells were plated in TCM C 10% FCS and, after 24 h, cells were maintained in TCM C 0.1% FCS for 56 h, to allow them to enter G0. To synchronize cells in G1/ S, S and G2/M, medium was changed to TCM C 10% FCS and, 12 h later, aphidicolin, an inhibitor of the B-family DNA polymerases, 76 was added. Following 12 h treatment with aphidicolin, the medium was changed to TCM C 10% w/o aphidicolin and cells were collected at 0 h, 4 h and 12 h after aphidicolin release. Cells were determined to be in a specific cell cycle stage based on flow cytometry profiling of DNA content, as mentioned in the Figure legend Cell cycle analysis by flow cytometry Cells were trypsinized, washed in PBS and fixed in 80% methanol at ¡20
C for at least 2 h. Methanol was removed by centrifugation at 2000 g for 2 min and cells were stained with propidium iodide (50 mg/ml) in the presence of RNase A (50 mg/ml) in PBS for 30 min at 37 C. DNA content analysis was performed using a NovoCyte flow cytometer (ACEA Biosciences, San Diego, CA, USA) equipped with the NovoExpress software.
RNA extraction and qRT-PCR
The levels of Per1 and Per2 mRNA were quantified by qRT-PCR. Total RNA was isolated using RNeasy mini kit (Qiagen) according to the manufacturer's instructions. After denaturation at 65 C, 250 ng of total RNA from each sample was transcribed using SuperscriptIII reverse transcriptase (Invitrogen) at 50 C for 1 h. Real-time quantitative polymerase chain reaction (qPCR) was performed using QuantStudio6 Flex (Applied Biosystems TM ) with initial denaturation step at 95 C for 20 s, followed by 40 cycles of 94 C for 1 s and 60 C for 20 s. Each qPCR reaction contained 1 £ Fast SYBR Ò Green Master Mix (Applied Biosystems TM ), 1 mM of each primer, and 400 ng cDNA. The comparative cycle threshold (Ct) method was used to determine the relative mRNA expression of target gene and GAPDH cDNA was used as internal control to normalize the amount of target cDNA. Primer sequences used are as follows: Per1 (rat) F-CCAGGCCCGGAGAACCTTTTT, R-CGAAGTT TGAGCTCCCGAAGT; Per2 (rat) F-CACCCTGAAAAGAAA GTGCGA, R-CAACGCCAAGGAGCTCAAGT; GAPDH (rat) F-ATGACTCTACCCACGGCAAG, R-CTGGAAGATGGTGA TGGGTT.
Western blotting
Whole-cell extracts from asynchronous and synchronized cells were prepared using RIPA lysis buffer containing protease inhibitor cocktail (Sigma, St. Louis, MO, USA) followed by sonication for 5 sec. Protein concentration was determined using the DC protein assay kit (Bio-Rad, Irvine, CA, USA). Proteins (30-35 mg/lane) were separated by SDS-PAGE (4-20%) and then transferred onto polyvinylidene fluoride membranes (BioRad, Irvine, CA, USA) by semidry electroblotting. After blocking with 5% milk for 1 h, membranes were probed overnight at 4 C with the following primary antibodies: anti-cyclin A2 polyclonal rabbit (1:1000) (Abcam, ab7956, Cambridge, UK), anti-cyclin B1 polyclonal rabbit (1:1000) (Cell Signaling Technology, 4138 S, Danvers, MA, USA), anti-cyclin E polyclonal rabbit (1:1000) (Santa Cruz, sc-481, Dallas, TX, USA), antipDRP1(Ser616) polyclonal rabbit (1:1000) (Cell Signaling Technology, 3455 S, Danvers, MA, USA), anti-DRP1 monoclonal rabbit (1:1000) (Cell Signaling Technology, 8570S, Danvers, MA, USA) and GAPDH monoclonal rabbit (1:1000) (Cell Signaling Technology, 2118S, Danvers, MA, USA). Horseradish peroxidase-conjugated secondary antibodies (1:3000) (Invitrogen, Carlsbad, CA, USA) were applied to the membranes for 1 h at RT. Proteins were visualized by enhanced chemiluminescence (BioRad, Irvine, CA, USA), and protein expression levels were quantified using the Labworks software (UVP).
Mitochondrial network morphology
Cells were grown on glass coverslips in a 6-well plate. Cells were incubated with the cell-permeant mitochondria-specific red fluorescent probe MitoTracker Red CMXRos (Cell Signaling Technology, 9082P, Danvers, MA, USA) at a final concentration of 50 nM in culture medium at 37 C for the last 30 min of culture, washed twice with PBS and fixed in 100% methanol at ¡20 C for 20 min. Coverslips were then mounted on the glass slides using Vectashield with DAPI, examined under the Axio Imager M2a fluorescence microscope (Zeiss, Oberkochen, Germany) equipped with the imaging system ApoTome.2 and software ZEN2, and imaged using a 63 £ objective. For quantitative morphometrical analysis, we obtained images of 250 cells per condition. Mitochondrial morphology was classified as tubular if 100-80% of the cell's mitochondrial area was occupied by tubular, fused mitochondria; tubular-intermediate if 80-40% of the cell's mitochondrial area was occupied by tubular mitochondria; and fragmented if 60-100% of the cell's mitochondrial area was occupied by fragmented mitochondria. Cells in mitosis were presented with extensively fragmented mitochondria. Mitochondrial morphology was independently scored by two different observers (C.M. and K.V.).
Mitochondrial function and glycolysis
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using the Seahorse XF Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA). Cells were seeded into the V7 plate (Seahorse Bioscience, North Billerica, MA, USA) at 120,000 cells per well, and the synchronization protocol was followed. To assess the mitochondrial functions, OCR was measured at the basal state and after sequential injection of oligomycin (ATP synthase inhibitor), carbonyl cyanide-p trifluoromethoxyphenylhydrazone (FCCP; uncoupler), and rotenone (complex I inhibitor).
Calcium measurements
Cells were seeded on glass coverslips and synchronized as described above. For cytosolic free calcium measurements, cells were loaded with 2.5 mM fura 2-AM for 45 min in medium containing 11 mM glucose. For mitochondrial and ER measurements, cells were transfected using Lipofectamine 2000 (Mito-Pericam) or infected using adenovirus (D4ER), respectively. For all measurements, cells plated onto coverslips were then transferred to a 1 ml volume perifusion chamber containing 11 mM glucose solution for 7 min, which was followed by 10 minutes of perfusion (0.3 ml/min). Experiments were performed at 32-34 C using inline solution and chamber heaters (Warner Instruments, Hamden, CT). Excitation was provided by a TILL Polychrome V monochromator light source set to 10% of its maximal output. Excitation (x) or emission (m) filters (ETtype; Chroma Technology, Bellows Falls, VT) were used in combination with a FF444/521/608-Di01 dichroic (Semrock Corp., Lake Forest, IL) as follows: 
13C tracing and sample preparation for UHPLC-MS Analysis
For metabolomic analysis, after 56 h in TCM C 0.1% FCS, cells were incubated in TCM C 10% FCS containing [U- 13 C 6 ] glucose at the concentration of 11.1 mM for 24 h. To extract intracellular metabolites, synchronized cells grown in 6-well plates were briefly rinsed with 2 ml of ice-cold 150 mM ammonium acetate (pH D 7.3). Then, 1 ml of ice-cold 80% MeOH was added per well, and cells were scraped and transferred into Eppendorf tubes. 100 mM D/L-norvaline stock solution was added to reach a 5 nmol final concentration. Samples were vortexed three times for 10 sec maximum, and then spun at 20,000 g for 5 min at 4 C. The supernatant was then transferred into a glass vial, dried using speedvac centrifuge, and reconstituted in 50 ml of 70% acetonitrile (ACN). For mass spectrometry analysis, 5 ml of each sample was injected onto a Luna NH2 (150 mm £ 2 mm, Phenomenex, Torrance, CA, USA) column. Samples were analyzed with an UltiMate 3000RSLC (Thermo Scientific, Waltham, MA, USA) coupled to a Q Exactive mass spectrometer (Thermo Scientific, Waltham, MA, USA). The Q Exactive was run with polarity switching (C3.00 kV / ¡3.00 kV) in full scan mode with an m/z range of 65-950. Separation was achieved using 5 mM NH4 AcO (pH 9.9) and ACN. The gradient started with 15% NH4 AcO and reached 90% over 18 min, followed by an isocratic step for 9 min and reversal to the initial 15% NH4 AcO for 7 min.
Statistical analysis
Results are expressed as the means § SEM. The statistical analysis was performed by one-way ANOVA using StatView software (SAS Institute Inc., Cary, NC, USA). A value of p < 0.05 was taken as an evidence of statistical significance
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